The traditional focus on taxonomic diversity metrics for investigating species responses to 21 habitat loss and fragmentation has limited our understanding on how biodiversity is impacted 22 10 ha had levels of phylogenetic richness similar to 34 continuous forest, suggesting that large fragments retain considerable levels of evolutionary 35 history. The edge and matrix adjacent to large fragments tend to have closely related lineages 36 nonetheless, suggesting phylogenetic homogenization in these IEM gradient categories. Thus, 37 despite the high mobility of bats, fragmentation still induces considerable levels of erosion of 38 phylogenetic diversity, suggesting that the various evolutionary history might not be able to 39 persist in present-day human-modified landscapes. 40
by habitat modification. This is particularly true for taxonomic groups such as bats which 23 exhibit species-specific responses. Here, we investigate phylogenetic alpha and beta diversity 24 of Neotropical bat assemblages across two environmental gradients, one in habitat quality and 25 one in habitat amount. We surveyed bats in 39 sites located across a whole-ecosystem 26 fragmentation experiment in the Brazilian Amazon, representing a gradient of habitat quality 27 (interior-edge-matrix, hereafter IEM) in both continuous forest and forest fragments of 28 different sizes (1, 10, and 100 ha; forest size gradient). For each habitat category, we 29 quantified alpha and beta phylogenetic diversity, then used linear models and cluster analysis 30 to explore how forest area and IEM gradient affect phylogenetic diversity. We found that the 31 secondary forest matrix harboured significantly lower total evolutionary history compared to 32 the fragment interiors, especially the 1 ha fragments, containing bat assemblages with more 33 closely related species. Forest fragments ≥ Introduction 44
Humans have fundamentally changed the face of the Earth, with negative side-effects for 45 biodiversity across all major biomes. Tropical forests are among the biomes impacted most 46 heavily given the large footprint of pervasive land use changes which have resulted in 47 widespread landscape fragmentation and loss of habitat for many species (Austin et al. 2017 ; 48 Barlow et al. 2018 ). These land use changes have been documented to have detrimental 49 effects on the richness, abundance, and composition of many tropical taxa (Alroy 2017) , 50 leading to a pattern of extensive defaunation, with cascading effects on ecosystem functioning 51 (Young et al. 2016) . 52
Idiosyncratic responses of species to fragmentation are ubiquitous, rendering assemblage-53 level inferences regarding fragmentation effects generally difficult (Ewers and Didham 2006; 54 Fahrig 2017) . This is mainly because the treatment of species as equal entities by neglecting 55 their unique evolutionary history, functional roles in the ecosystem, and their association with 56 each other within the community (Pellens and Grandcolas 2016), paints an incomplete picture 57 of the effects of habitat fragmentation. Therefore, recent studies assessing the effect of habitat 58 fragmentation on tropical taxa have started to incorporate evolutionary information using 59 phylogenetic diversity metrics in addition to species richness (Frishkoff et these studies were able to uncover patterns previously undetected by studies with a sole focus 62 on the taxonomic dimension of biodiversity. For example, the random pattern of plant species 63 absence across the phylogenetic tree in a fragmented landscape, or phylogenetic over-64 dispersion, can potentially be linked to low phylogenetic conservatism of key life-history 65 traits (Santos et al. 2014 ), suggesting that the negative effect of habitat fragmentation depends 66 on the evolutionary history of the taxa in question. However, studies on mobile species such 67 as birds and bats showed non-random patterns of absence across their phylogeny in various 68 types of disturbed habitats (Riedinger et al. 2013; Frishkoff et al. 2014; Frank et al. 2017) . 69
This pattern, often referred to as phylogenetic clustering, whereby species within an 70 assemblage are more closely related than expected by chance, indicates a strong effect of 71 habitat filtering. Gaining better insights into the extent to which phylogenetic diversity of 72 assemblages is eroded as a result of habitat fragmentation therefore is critical to improve our 73 general understanding of biodiversity persistence in human-modified landscapes. 74
Despite their mobility, bats (Chiroptera) are among the many animal groups that are 75 demonstrably affected by habitat loss and fragmentation ( fragmented landscapes may be differentially affected by this gradient in habitat quality 96 (Ferreira et al. 2017 ). The observed phylogenetic richness and structure in each habitat that 97 comprises the IEM gradient can give an indication about the amount of evolutionary history 98 retained by the constituent habitat elements of a fragmented landscape (Cisneros et al. 2015) . 99
Moreover, exploring which habitats share similar evolutionary history or harbour lineages that 100 are more closely related compared to other habitats may give insights into the evolution of 101 habitat preferences (Graham and Fine 2008) . 102
To elucidate how habitat fragmentation affects the evolutionary dimension of bat diversity, 103
we investigated the changes in phylogenetic alpha and beta diversity of Amazonian bat 104 assemblages across two environmental gradients, one in habitat quality (IEM gradient) and 105 one in habitat amount (forest size: continuous forest; fragments of 1, 10, 100 ha), in the 106 experimentally fragmented landscape of the Biological Dynamics of Forest Fragments Project 107 (BDFFP), the world's largest and longest-running experimental study of habitat fragmentation 108 (Haddad et al. 2015) . For phylogenetic alpha diversity, we expected assemblages in the 109 secondary forest matrix to retain the least total evolutionary history due to selection of bat 110 lineages that are best adapted to it , followed by edges, while forest 111 interiors were predicted to harbour the most total evolutionary history due to greatest resource 112 availability (Ries and Sisk 2004) . Accordingly, we predicted phylogenetic diversity to 113 increase with forest size, and phylogenetic clustering to be associated with smaller forest 114 fragments and strongest in the matrix. Finally, we expected that habitat filtering will leave 115 each habitat of the IEM gradient with its own set of unique assemblages so that phylogenetic 116 beta diversity will show that the same category of IEM gradient will contain similar lineages 117 and a similar amount of total evolutionary as a consequence of low phylogenetic turnover. Bat Sampling. Bats were sampled with ground-level mist nets in eight primary forest 133 fragments -three of 1 ha, three of 10 ha and two of 100 ha-and in nine control sites in three 134 areas of continuous forest. Fragments and controls were sampled in the interior, at the edges, 135 and in the secondary forest matrix, resulting in a total of 39 sites (for continuous forest, only 136 three edge and matrix sites were sampled; cf. Rocha et al. 2017) . Distances between interior 137 and edge sites of continuous forest and fragments were respectively 1,118 ± 488 and 245 ± 138 208 m (mean ± SD). Matrix sites were located ca. 100 m away from the border between 139 primary and secondary forest. Species that occur in the study area but were not present in the pruned tree were substituted 154 by their congeners, following (Cisneros et al. 2016) . Only for two out of 43 captured 155 phyllostomid species was this the case, i.e. Artibeus gnomus and A. cinereus, which hence 156 were both represented by their closest congener, A. glaucus (Redondo et al. 2008) . 157
Measuring Phylogenetic Diversity 158
Alpha Diversity. We explored variation in phylogenetic richness and structure within 159 assemblages separately across the IEM gradient of 1, 10, and 100 ha fragments and 160 continuous forest (CF) using Faith's phylogenetic diversity (Faith 1992) ) and replacement (Pβ
) components to 184 capture, respectively, the difference in shared total branch lengths between assemblages and 185 the uniqueness of each assemblage based on the evolutionary lineages present (Cardoso et al. 186 2014). To calculate Pβ
and its partitions, we used R package 'BAT' (Cardoso et al. 2015) .
Phylogenetic alpha and beta diversity across the IEM and forest size gradient 188
Alpha Diversity. We modelled phylogenetic diversity in relation to the IEM and forest size 189 gradient to understand how the two affect the evolutionary dimension of biodiversity. While Table S1 ). We therefore dropped the block effect, leaving us with a 195 Beta Diversity. To detect any implicit spatial structure in Pβ
, and 207 COMDIST, we visualized these metrics through UPGMA clustering ( 
, and COMDIST. 214
215
Results 216
Comparison within assemblages: phylogenetic diversity is lowest in the smallest fragments 217
Rarefied PD showed a decreasing trend from continuous forest and fragment interiors to 218 forest edges and matrix, with the matrix sites adjacent to the 1 ha fragments harbouring the 219 lowest PD overall (Fig. 1 ). In agreement with this, the model including IEM gradient and 220 forest size as additive predictors of PD received overwhelming support (w i = 0.99) compared 221 to the other candidate models (Table 1 ). The decrease in PD from interior towards edge and 222 matrix was significant (P <0.001 for both), with edges experiencing larger decreases in PD 223 compared to the matrix (Table S2 ). However, multiple comparison tests did not support any 224 significant differences in PD between edges and matrix, irrespective of forest size (Table S3 ). 225
Also, there was no significant loss in PD from larger towards smaller fragments except for 1 226 ha fragments (P <0.001, Table S2 ). Multiple comparison tests confirmed the significantly 227 lower phylogenetic richness in 1 ha fragments relative to larger fragments and continuous 228 forest across the entire IEM gradient (Table S3 ). According to the local phylogeny, most of 229 the old species lineages, i.e. those with long tree branches, do not appear in the 1 ha fragments 230 ( Fig. S1) . 231
When the effect of species richness on PD was accounted for (SES PD ), only the IEM gradient 232 emerged as the best-supported predictor in the model (w i = 0.78, Table 1 ). SES PD for forest 233 fragments showed lower phylogenetic richness than expected given the number of species 234 present, particularly for fragment edges and the matrix (Fig 2A) . SES PD was also significantly 235 lower in the matrix than in forest interiors, particularly for the 1 ha fragments (Fig 2A) . 236
In line with PD, observed MPD of phyllostomid assemblages in most habitat types was lower 237 than expected under the simulated null communities, particularly for the interiors of 1 ha 238 fragments, fragment edges, and the matrix around the larger (10 and 100 ha) fragments (Fig.  239   2B ). Only the assemblages in the matrix surrounding 1 ha fragments, although characterized 240 as relatively phylogenetically over-dispersed compared to the other assemblages based on 241 SES MPD , showed terminal clustering based on its significantly lower SES MNTD (Fig. 2C) . 242
Patterns of MPD were best explained by a model that included only the IEM gradient as 243 explanatory variable (w i = 0.33, Table 1 ). There was, however, substantial model selection 244 uncertainty, with the null, size, and IEM + size models also being supported as plausible 245 (ΔAIC c <2, Table 1 ). According to the single variable models IEM gradient and size (Table  246 S2), MPD was significantly reduced in the matrix (P = 0.03) and 1 ha fragments (P = 0.04), 247
respectively, suggesting that the matrix around 1 ha fragments contains more closely related 248 lineages as indicated by its significantly lower SES MNTD . For SES MPD , the effect of the IEM 249 gradient was even more tenuous (w i = 0.36) as the null model received the strongest support 250 (w i = 0.57, Table 1 ). 251
Comparison between assemblages: no clear pattern of lineage replacement 252
Dendrograms based on the total evolutionary history shared between assemblages (Pβ total , 253 Pβ rich , and Pβ repl ) were substantially different from the one based on relatedness between 254 lineages within assemblages (COMDIST). UPGMA clustering based on total phylogenetic 255 beta diversity (Pβ total ) suggested that the interiors of continuous forest and forest fragments 256 harbour similar amounts of phylogenetic richness, except for the 1 ha fragments ( Fig 3A) , 257 further confirming the phylogenetic erosion of 1 ha fragments. The similarity in total 258 phylogenetic richness between the interiors of continuous forest and larger forest fragments 259 (10 and 100 ha) was maintained after Pβ total was partitioned into Pβ rich and Pβ repl . For Pβ rich , 260 however, the interior sites of the larger fragments clustered together, unlike Pβ total which 261 grouped the interior of continuous forest closer together with that of 100 ha fragments (Fig  262   3B ). For Pβ repl , the interior sites were completely dispersed ( Fig 3C) , suggesting that the 263 difference in Pβ total compared to Pβ rich is caused by different lineages contained within the 264 interiors. The position of the IEM habitat categories in the Pβ repl dendrogram are unlikely due 265 to their geographic proximity as there was no significant relationship between Pβ repl and 266 geographic distance based on the Mantel test (Pearson's Mantel statistic r = 0.031, P = 0.299, 267 Table S4 ). 268 UPGMA clustering of COMDIST revealed that the investigated assemblages were closely 269 related and were not clustered according to either the same IEM gradient or the same forest 270 size categories (Fig. 4) . The sites within the interior of 1 ha fragment are more closely related 271 to the matrix and edges of forest fragments and continuous forest. The position of the interior 272 sites of 1 ha fragments distant from those of larger fragments and continuous forest, 273 underscores the distinct composition of bat lineages in the assemblages of 1 ha fragments. 274
When the local phylogeny was annotated with information on species' presence across the 275 two environmental gradients, different lineages were present within the same IEM category 276 except for the interior of continuous forest and the larger forest fragments (Fig. S1 ). The 277 interiors of 1 ha fragments were distinct from other interior sites whereas there was no clear 278 pattern of lineage distribution at forest edges and in the matrix adjoining continuous forest 279 and fragments. This is also unlikely due to spatial effects as there was no significant 280 relationship between COMDIST and geographic distance (Pearson's Mantel statistic r = 281 0.055, P = 0.230, Table S4 ). 282
Discussion 284
Using metrics of phylogenetic alpha and beta diversity, we showed that there was not only a 285 disproportionate reduction of phylogenetic richness in the smallest forest fragments (1 ha) but 286 also phylogenetic homogenization of assemblages at forest edges and in the matrix as 287 assemblages in these categories of the IEM gradient contained closely related bat lineages. 288
Whereas the two environmental gradients investigated in this study explained quite well the 289 observed variation in total phylogenetic richness (PD), they could not adequately account for 290 how closely related lineages clustered in small forest fragments (MPD). Additionally, the 291 results of the clustering analysis based on phylogenetic beta diversity metrics were counter to 292 our predictions since the resulting dendrograms did not clearly cluster assemblages from the 293 same category of habitat quality and forest size together. 294
Environmental filtering is strongest in the matrix surrounding small forest fragments 295
Across the full disturbance gradient of interior-edge-matrix, phylogenetic richness was 296 curtailed in both edge and matrix habitats, especially in the case of the 1 ha fragments. Thus, 297 habitat fragmentation at the BDFFP does not only reduce bat taxonomic and functional 298 diversity in the small forest fragments, edges, and matrix as we have previously shown 299 Micronycteris species (Fig S1) , and contain lineages that are phylogenetically clustered in the 319 terminal branches. Nevertheless, it is important to note that matrix sites adjacent to the larger 320 fragments (10 ha and 100 ha) did not differ much from their edges in terms of phylogenetic 321 richness and structure, indicating that the habitat quality gradient investigated in this study 322 represents a strong environmental filter in both large (≥10 ha) and small (1 ha) forest 323 fragments. 324
Our model selection results, however, did not provide strong support for the environmental 325 gradient investigated in this study to explain the observed phylogenetic clustering, which was 326 weak as the values of SES MPD and and SES MNTD did not deviate much from the 5 th and 95 th 327 quantiles of the null model. This is potentially due to the influence of landscape-level 328 attributes which encompass wider environmental gradients Tinoco et al. 329 2018) and are responsible for the ability of the large fragments to retain more distantly related 330 lineages than the small forest fragments. The low structural contrast between secondary 331 regrowth in the matrix and the forest interiors during the sampling period could also attenuate 332 any strong phylogenetic structure of bat assemblages along the interior-edge-matrix gradient; 
Variation in phylogenetic diversity between assemblages is not related to habitat quality 363
Phylogenetic beta diversity metrics further corroborate the weak effect of habitat quality on 364 between-assemblage differences in phylogenetic richness and lineage composition. There was 365 no clear-cut pattern with regard to the relatedness and phylogenetic richness of bat 366 assemblages in relation to IEM and forest size gradients. Except for 1 ha fragments, the 367 interiors of the forest fragments and continuous forest contain a large number of distantly 368 related species and harbour a similar amount of total evolutionary history, but not the same 369 bat lineages. Larger forest fragments (≥10 ha) may therefore act as important repositories for 370 preserving the total evolutionary history of bat assemblages in fragmented landscapes. In 371 contrast, the marked changes in phylogenetic richness and structure of 1 ha fragment interiors 372 and similarity to their edges in terms of preserved evolutionary history, suggests that patterns 373 of phylogenetic diversity are fundamentally driven by the pervasive negative edge effects that 374 commonly plague fragments of this size (Santos et al. 2010; Laurance et al. 2018 ). We 375 probably did not detect any spatially implicit structure between different habitat categories of 376 the IEM gradient due to the predominant effect of dispersal ability in the absence of 377 contrasting environmental gradients (Moreno and Halffter 2001). 378
The distribution of edge and matrix sites associated with the larger forest fragments and 379 continuous forest across the dendrograms are possibly the result of phylogenetic 380 homogenization. Assemblages of these two categories of the IEM gradient did not differ 381 markedly in phylogenetic richness and structure according to the phylogenetic alpha diversity metrics, and UPGMA clustering further confirmed that they are closely related to each other 383 ( Fig. 4) . Thus, despite the ability of large forest fragments to retain amounts of total 384 evolutionary history similar to the interior of continuous forest, the level of forest degradation 385 at the edges and in the matrix still has a negative effect on the phylogenetic diversity of bats at 386 the BDFFP. 387
New insights gained from a focus on the phylogenetic biodiversity dimension 388
A focus on the phylogenetic dimension of biodiversity has allowed us to complement our 389 previous analyses that approached bat responses to landscape fragmentation at the BDFFP 390 from taxonomic and functional perspectives Farneda et al. 2018 ). The 391 reduction of total evolutionary history in the smallest fragments, particularly in the 392 surrounding matrix, was apparently selective and resulted in assemblages comprised of 393 closely related bat lineages with similar traits due to environmental filtering. This adds more 394 significance to the term "biodiversity loss" in fragmented landscapes as losing a lineage of 395 species usually means losing a unique evolutionary history which may be irreplaceable for a 396 particular habitat and disrupt ecosystem processes therein. The non-significant decrease of 397 phylogenetic richness in larger fragments (10 ha and 100 ha) compared to continuous forest 398 indicates that fragments of that size still serve as important refuges for the overall lineage 399 pool in the BDFFP landscape. Although the habitat quality and size gradients investigated in 400 this study could not entirely explain the pattern of phylogenetic beta diversity, cluster analysis 401 showed their constituent categories to harbour distinct assemblages that are probably shaped 402 by a specific assembly mechanism. We are in debt to the many volunteers, students and field assistants that helped us during 438 fieldwork and the coordination team of the BDFFP. We also thank Paulo E.D. Bobrowiec for 439 logistic support and Dirk Metzler for his feedback in the statistical analysis. 
